compromised on an otherwise wild-type background, poorly contact inhibited and grew rapidly. These differthe effects of ablating cell adhesion may be opposite ences were not dependent upon intercellular adhesion to those in a tumor. Thus, the functions of AJ proteins and were in marked contrast to keratinocytes condiin general and the consequences of their absence in tionally null for another essential intercellular adhesion cancers have been complex and elusive. cleate cells were prevalent. The entire epithelium bore
the characteristics of squamous cell carcinoma in situ, 1C). Immunofluorescence verified that the recombination of the ␣-E-catenin allele was both efficient and a precancerous skin condition. As judged from studies keratinocyte specific. While anti-␣-catenin antibodies on keratinocytes cultured from ␣-catenin null epidermis, stained wild-type (WT) skin ( Figure 1D ), staining was these features were not a secondary consequence of absent throughout the epidermis of ␣-catenin condiinjury/damage to the skin, but rather appeared to be cell tional null (KO) skin ( Figure 1E ). Anti-␣-catenin staining autonomous and independent of intercellular adhesion.
in the blood vessels served as a good internal control We have explored the underlying basis for these most since the K14-Cre gene is not active in these structures. surprising findings, and we have found that in vivo and in Immunoprecipitation and Western analysis revealed vitro, keratinocytes that lack ␣-catenin display a marked no major changes in the levels of other AJ proteins, and increase in Ras-and mitogen-activated kinase (MAPK) E-cadherin retained its association with ␤-catenin and activity. We show that in the absence of ␣-catenin, E-cadmost other AJ proteins ( Figure 1J ). These data were herin complexes with insulin receptor substrate 1 (IRS-1), consistent with those on ␣-catenin null blastocysts and and that the insulin/MAPK signal transduction pathway is cultured cells ( existed, indicative of unsealed membranes. In addition, The ␣-E-catenin gene was isolated from a mouse 129/ fewer desmosomes and tight junctions were observed. Sv genomic library, and restriction mapping and partial sequencing identified two exons, the first of which en-
Loss of ␣-E-Catenin Impairs Hair Development coded the translation initiation codon and 34 additional and Causes Major Perturbations in Epidermis amino acid residues lacking known functional domains
Overt developmental abnormalities were traced to e13.5, ( Figure 1A ). To avoid the risk of generating a truncated when K14 promoter activity is upregulated (Wang et ␣-catenin protein from in-frame ATGs in downstream al., 1997). Newborn, conditionally null ␣-E-catenin pups exons, we engineered our targeting vector such that lox displayed dramatic defects in their skin and limbs (Figsequences flanked the second exon; removal of this ure 3A). Large segments of epidermis were missing and exon generates an early frame shift and translation tervisible peeling occurred at other body sites. Limbs failed mination. The targeting vector ( Figure 1A ) was used to to develop fully and the snout was pointed. Mice lacked generate two independent RW4 embryonic stem cell whiskers and displayed diminished signs of hair follicle (ES) colonies in which a single homologous recombinamorphogenesis, a process which, like limb develoption event had taken place at the ␣-E-catenin locus (Figment , relies upon epithelial-mesenchymal interactions ure 1B). To delete the floxed neo gene, two clones were (Hardy, 1992). This provided direct in vivo evidence in transiently transfected with a Cre recombinase gene support of prior ex vivo studies showing that antibodies under the control of the cytomegalovirus (CMV) proagainst P-and E-cadherins prevent follicle morphogenmoter, and clones from each parental ES line showed esis in organ culture (Hirai et al., 1989) . successful recombination to remove the neo gene and To limit trauma, embryos were used for most experistill retain the floxed second exon. ES technology was ments. We focused on the epidermal defects, which then employed to produce germline homozygous mice.
were dramatic and largely unexpected. In WT epidermis, dividing keratinocytes are normally restricted to the Changes in Cell-Cell Junctions basal layer (BL), and as cells withdraw from the cell cycle, upon ␣-Catenin Ablation they move outward and differentiate, producing spinous Animals homozygous for the floxed ␣-catenin allele dislayers (SP), granular layers (GR), and dead stratum corplayed no phenotype, indicating that the genomic maneum cells (SC) (frame 3B). Alpha-catenin null epidermis nipulations had neither created unexpected changes was thick and disorganized, particularly within the basal nor interfered with ␣-catenin function. These animals layer, where it was difficult to discern the epidermalwere bred further to generate newborn animals transdermal boundary (Figure 3 ). Basal cells were round and genic for K14-Cre and homozygous for the manipulated spinous cells did not flatten. Intercellular gaps appeared ␣-E-catenin allele. Northern analysis of total e18.5 skin to be weakest at the basal/suprabasal junction, separat-RNA revealed reduced (Ͼ10ϫ) ␣-catenin mRNA (not ing the outer layers from the skin (frame D). Despite shown), and Western blot analysis of epidermal proteins these abnormalities, morphological signs of differentiadetected ␣-E-catenin protein in wild-type (ϩ/ϩ) and hettion persisted (frame C). Similar features were also seen at the ultrastructural level (Figure 2 ). erozygous (ϩ/Ϫ) samples, but not (Ϫ/Ϫ) samples (Figure Interestingly, mitotic figures were detected throughunusually large, features observed in both internalized epithelial masses and in epidermis ( Figure 3C ). A reflecout ␣-catenin null epidermis (Figure 3 , frames E and F). In some regions, disorganized masses of keratinocytes tion of aberrant mitoses, multinucleation was confirmed by analysis of in vitro cultures: 22% Ϯ 7% of null basal were seen within the dermis (Figure 3 , frames G-K). These dermal epithelial masses displayed morphology keratinocytes versus 4% Ϯ 3% of wild-type basal keratinocytes. Taken together, the morphology consisting of and differentiation characteristic of epidermis and not hair follicles. This feature was consistent with the obhyperproliferation, defects in cell polarity, abnormally large and multinucleated keratinocytes, and mitoses in served block in hair follicle morphogenesis. Masses were particularly large in areas where skin was devoid of multiple cell layers and in the dermal epithelial masses bore a resemblance to a precancerous condition, which surface epidermis, suggesting that these masses arose from invagination of surface epithelium into dermis.
in humans is known as squamous cell carcinoma in situ (Freedberg et al., 1999) . KO keratinocytes were quite frequently binucleate and 
Hyperproliferation in ␣-Catenin Null Epidermal Cells
(monoclonal AE15), or Lef1, an early marker of hair follicle morphogenesis (data not shown). These findings Is Independent of Defects in Cell-Cell Adhesion We next used immunofluorescence microscopy to exwere consistent with an epidermal origin of these masses. amine the expression of epidermal markers of differentiation, extracellular matrix, cell-substratum attachment,
The inner epidermal layers seemed particularly affected in ␣-catenin null epidermis. Anti-K5 staining exand proliferation (Figure 4 ). Antibodies against wellcharacterized markers of terminal differentiation, includtended aberrantly into the suprabasal layers (frames B and C). Antibodies against the basement membrane ing involucrin, filaggrin, and loricrin, revealed patterns indistinguishable between control and mutant skin (not marker laminin 5 revealed atypical deposition in upper layers and gaps in staining along the basement memshown). Some patches of (Ϫ/Ϫ) epidermis were absent for K1, one of the two major keratins expressed in spibrane (frame D). Abnormalities were also seen in ␤4-integrin, normally confined to the juncture where epidernous cells (frame A). Despite a few local perturbations, however, the biochemical program of differentiation was mis adheres to basement membrane. In KO epidermis, staining was diffuse at the basal surface, and often at still operative. Epidermal differentiation-specific markers were also detected in the epithelial masses; these lateral and apical surfaces of basal cells (frame E). Additional immunofluorescence microscopy revealed masses did not stain with antibodies against hair keratins (monoclonal AE13), inner root sheath markers potential abnormalities in epidermal proliferation. Anti- bodies against keratin 6 did not stain WT epidermis, geted for loss of desmoplakin (DP), a desmosomal protein necessary for linking cytoskeleton to desmosomes but did stain throughout the suprabasal layers of KO epidermis (frame E) and within interior layers of associ-(details of the DP KO phenotype to be published elsewhere). Both animals showed severe intercellular adheated epithelial masses (frame F). In epidermis, K6 is a differentiation marker typically seen under conditions of sion defects with comparable degrees of epidermal separations and skin peeling. However, in striking contrast hyperproliferation (Sun et al., 1984; Stoler et al., 1988) . Antibodies against the proliferative marker Ki67 labeled to ␣-catenin null epidermis, DP KO epidermis displayed normal anti-Ki67 labeling, K6 staining, and epidermal epithelial masses extensively as well as all layers of KO epidermis (frames G and I); in contrast, WT epidermis polarity without noticeable internalized epithelial masses (example in frame J). This is compelling evidence that showed labeling that was restricted to the inner most basal layer (frame H). defects in epidermal polarity and cell proliferation are a direct and specific consequence of ␣-E-catenin abTo assess whether these unexpected changes might be a result of tissue injury or a mandatory consequence lation. The hyperproliferative and invasive characteristics of of defective intercellular adhesion, we compared skin from ␣-catenin null animals with skin conditionally tar-␣-catenin null epidermal cells were also observed in Figure  5I ). This result strengthens the view that hyperproliferahigh density in normal, calcium-containing medium (frame A). In contrast, KO keratinocytes were rounder tion is a direct consequence of the ␣-catenin null state and not one that arises secondarily from a loss of interand overgrew the monolayer, piling into foci characteristic of tumor cells (frames B and C; reviewed by MacPhercellular adhesion. Finally, we examined the ability of WT and KO kerason, 1970). Anti-K5 and anti-K14 staining confirmed the keratinocyte origin of the foci (frames D and E). The tinocytes to reenter the cell cycle after withdrawing serum and insulin supplements from the culture medium. impairment of contact inhibition was also reflected in the downregulation of p27 (frame F), a cyclin-dependent 14 hr after readdition of serum and insulin, cells were trypsinized and subjected to fluorescence-activated cell kinase inhibitor implicated in contact inhibition (St Croix et al., 1998) . sorting (FACS). KO keratinocytes were significantly more responsive to growth/serum factors than their WT Loss of ␣-catenin did not seem to affect the ability of keratinocytes to traverse a membrane in migration assay counterparts; more than twice the number of KO cells progressed from G0/G1 to G2/M during this time (Figchambers, at least under the rich media conditions used here (frame G). However, when membrane filters were ure 5J). precoated with Matrigel (extracellular matrix), KO keratinocytes exhibited an increased ability to break down Sustained Activation of Ras-MAPK as a Consequence of ␣-Catenin Ablation the matrix and traverse the filter after a chemoattractant (medium conditioned by fibroblast feeder cells) was
To address how loss of ␣-catenin might lead to hyperproliferation, we examined several candidate signal added to the bottom chamber (frame G). These findings were intriguing given the interruptions seen in the basetransduction pathways that could be involved. A priori, in the absence of ␣-catenin, ␤-catenin's stability might ment membrane of ␣-catenin null epidermis.
Alpha-catenin null mouse keratinocytes displayed adincrease, enabling it to influence gene transcription regulated by the Lef1/Tcf family of DNA binding proteins. ditional features characteristic of transformed cells. In contrast to WT keratinocytes, which required a fibroHowever, we did not detect major differences in the levels of ␤-catenin associated with E-cadherin (see Figblast feeder layer for long term growth (Ͼ7 days) in high calcium, KO keratinocytes grew equally well in the ure 1J) or in overall ␤-catenin levels (see below). Moreover, using an antibody that can detect nuclear ␤-catpresence or absence of a feeder layer ( Figure 5H ). More- enin (U. Gat, B. Merrill, and E. F., unpublished data), was the underlying cause of hyperproliferation in ␣-catenin null skin epithelium. we did not detect nuclear ␤-catenin in ␣-catenin null epidermis (not shown). Finally, ␣-catenin null epidermis
In searching further for a molecular explanation for the unanticipated hyperproliferation of KO epidermis, did not reveal activation of the TOPGAL reporter gene, which relies upon stabilized ␤-catenin (DasGupta and we discovered that antibodies against activated (phosphorylated) MAPK displayed enhanced and specific Fuchs, 1999). An overall paucity of TOPGAL expression in ␣-catenin null/TOPGAL mice correlated with the paustaining only in the ␣-catenin null state (Figure 6 ). Such changes were also seen in the tumor-like masses of city of hair follicles, which typically show TOPGAL activity. Taken together, these findings made it unlikely that KO skin (not shown). Sustained MAPK activation was confirmed by Western blot analysis and it also occurred transactivation of ␤-catenin/Tcf/Lef1 regulated genes interact with E-cadherin in colorectal cancer cells (PlaySince we typically add insulin and serum to our mouse ford et al., 2000). We found that this interaction also keratinocyte cultures, we first examined how each of occurred specifically in ␣-catenin null and not WT kerathese additives influenced the kinetics of MAPK activatinocytes and that the IRS-1 in the complex becomes tion. As shown in Figure 7A , enhanced MAPK-phosphorspecifically tyrosine phosphorylated upon treatment ylation was observed within minutes after treatment with with insulin. Thus, when protein extracts from insulininsulin. The activated MAPK response was significantly treated KO keratinocytes were immunoprecipitated with (Ͼ8ϫ) more pronounced in the KO cells, as was the ability of insulin to stimulate Ras activation. These data E-cadherin antibodies, and subjected to SDS-PAGE and results uncovered an intriguing difference between muFinally, we examined whether the enhanced proliferatations in AJ versus desmosomal proteins. Despite simition in KO keratinocytes was attributable to their inlar severity in intercellular adhesion defects, ␣-catenin creased sensitivity to the insulin in the culture medium. mutations resulted in uncontrolled growth, whereas desWhen insulin was withheld from the serum-supplemoplakin mutations did not. These findings underscore mented growth medium, the growth difference between that the explanation resides within the specific adhesion KO and WT cultures was no longer observed ( 
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